Droplets impacting on a superheated surface can either exhibit a contact boiling regime, in which they make direct contact with the surface and boil violently, or a film boiling regime, in which they remain separated from the surface by their own vapor. The transition from the contact to the film boiling regime depends not only on the temperature of the surface and kinetic energy of the droplet, but also on the size of the structures fabricated on the surface. Here we experimentally show that surfaces covered with carbon-nanofibers delay the transition to film boiling to much higher temperature compared to smooth surfaces. We present physical arguments showing that, because of the small scale of the carbon fibers, they are cooled by the vapor flow just before the liquid impact, thus permitting contact boiling up to much higher temperatures than on smooth surfaces. We also show that, as long as the impact is in * To whom correspondence should be addressed the film boiling regime, the spreading factor of impacting droplets follows the same We 3/10 scaling (with We the Weber number) found for smooth surfaces, which is caused by the vapor flow underneath the droplet.
Introduction
Spray cooling is an effective heat transfer mechanism as it is capable of delivering spatially uniform and high heat transfer rates (see e.g. [1] [2] [3] ). An important new application of this technology is in electronic cooling, where the growing power consumption and decreasing sizes pose increasingly challenging heat dissipation demands (see e.g. 4, 5 ). Other common situations in which cold drops impact hot surfaces are found in internal combustion engines (see e.g. 6, 7 ), quenching of aluminum and steel (see e.g. 8 ), fire suppression (see e.g. 9, 10 ) and others.
In all these applications a stream of fine droplets dispensed, e.g., from a nozzle impinges on a solid surface and cools it by a combination of sensible heat absorption and latent heat of vaporization. Due to the inherent complexity of the phenomenon and the large number of parameters involved, such as droplet size, velocity distribution, droplet number density and material properties, many aspects of the physical mechanisms involved still remain incompletely understood. 1, 11, 12 A fundamental understanding of the impact of an individual droplet on superheated surfaces is the first step toward a better understanding and eventual optimization of the process. Various aspects of this particular problem have been investigated, such as the effect of droplet size, velocity, physical properties (see e.g. 13, 14 ) , and surface roughness (see e.g. 15, 16 ), the transition between different boiling regimes (see e.g. [16] [17] [18] [19] [20] , the surface temperature change and heat transfer during impact (see e.g. 15, [21] [22] [23] ), the residence time of the impacting droplet (see e.g. 16, 24 ), the spreading factor (see e.g. 16, 20, 25 ) and others.
An important quantitative feature of the phenomenon is the transition temperature T L between the contact boiling regime, where the liquid makes direct contact with the heated surface, and the film boiling regime, where a stable vapor layer between the liquid and the surface is formed during impact. As the rate of heat transfer in the film boiling regime is significantly reduced due to the poor thermal conductivity of the vapor layer, this regime should be avoided for applications that require high heat transfer rates. Methods to increase T L , or delay the onset of the film boiling regime, are therefore of great interest for such applications.
Recently, surfaces covered with nanofibers were shown to effectively enhance the heat transfer from the surface to a liquid in contact with it. 23, 26 In particular, it was reported that for impacting ethanol droplets on surfaces covered with nanofiber mats, the film boiling behavior was not observed even when the surface temperature was as high as 300 • C, 22 which implies that the transition temperature to film boiling is increased compared to that observed on smooth surfaces. This is in marked contrast with the impact on surfaces covered with microstructures, for which the transition temperature is considerably decreased compared to a smooth surface. 16 Indeed, numerous questions regarding the effects of nanostructures on the transition temperature are still open. First of all, why do nanofibers cause a higher T L compared to that on smooth surfaces? And, further, what is the transition temperature T L on this type of surfaces? how does it change with the size of the nanostructures on the surfaces?
To answer these questions, in this paper we study the impact of droplets on heated surfaces covered with carbon nanofibers (CNF), which are carbonaceous structures grown by catalytic vapor deposition of hydrocarbons. This type of nanostructures is well-known for their unique physical and chemical properties with a tunable morphology (the diameter can be varied from a few to hundreds of nanometers, the height can be controlled from a few micrometers to millimeters), which in turn can be exploited for tuning the roughness, porosity, and surface area. 27 We use two types of CNF surfaces corresponding to two different typical fiber lengths and a smooth silicon surface. For each type of surface, we determine the transition temperature and its dependence on the impact velocity. We propose a quantitative explanation of the effect of nanofibers on the transition temperature T L . Furthermore, for impact of droplets in the film boiling regime, we measure the spreading factor and compare our data with existing models.
Experimental details
Synthesis of carbon nanofiber layers Carbon nanofibers (CNFs) were synthesized on oxidized silicon wafers (p-type, 5 − 10 Ohm-cm resistivity, 100 mm diameter, 525 ± 25 µm thickness, {100} crystal orientation; Okmetic Finland) using nickel (Ni) thin film as catalyst. First, a SiO 2 layer of 220 nm thickness was grown via wet oxidation (45 min, 1000 • C) on these silicon substrates. Second, a pattern was defined in spincoated photoresist (Olin, 906-12), resulting in unmasked squares of 8 mm×8 mm, by means of standard UV lithography (EVG 620). Further, a 10 nm tantalum layer followed by a 25 nm nickel layer was deposited via electron-beam evaporation. Finally the samples were subjected to an ultrasonic lift-off step in acetone (> 20 min; VLSI 100038, BASF), followed by rinsing in water and spin drying. These nickel-coated substrates were diced into 1 cm×1 cm samples (Disco DAD-321 dicing machine). To remove organic contaminants, these samples were ultrasonically cleaned in acetone (10 min, Branson 200 ultrasonic cleaner) and deionized water (2 min, 25 • C). 28 After drying with synthetic air, the samples were placed centrally on a flat quartz boat inside a quartz reactor and were loaded into a horizontal oven equipped with three temperature controllers along it. Nitrogen (N 2 ; 99.999 %, INDUGAS NV.) was used as carrier gas during heating, pretreatment, CNF synthesis and cooling. First, the temperature was increased (5 K min −1 ) to 500 • C. Second, the samples were pretreated with 20 vol. % of hydrogen (H 2 ; 99.999 %, INDUGAS NV.) for 2 hours at a total flow rate of 50 ml min −1 in order to reduce the passivated Ni thin film. Subsequently the temperature was increased (5 K min −1 ) to 635 • C, at which temperature the CNF synthesis was performed via catalytic vapor decomposition using 25 vol. % ethylene (C 2 H 4 ; 99.95 % Praxair Inc.) and 6.25 vol. % H 2 in a total flow rate 100 ml min −1 . Finally the samples were cooled down to room temperature (10 K min −1 ).
Two sets of samples were used for the droplet impact studies. One set was obtained after a CNF synthesis time of 11 min, resulting in a CNF layer thickness 3.4±0.3 µm. The other set was obtained after a CNF synthesis time of 14 min, resulting in a CNF layer thickness of 7.5±0.7 µm. More details of the influence of synthesis time on CNF layer thickness have been reported previously. 28 These samples will be termed as CNF(3.5) and CNF(7.5), respectively. 1 shows representative scanning electron microscope (SEM) images with the side views (1(a) and (b)) and top views (1(c) and (d)) of the surfaces CNF(3.5) and CNF (7.5) .
The thickness of the CNF layers was determined using 5 representative cross-sectional SEM images taken at various positions on the sample (10 height measurements were averaged per SEM image). The width of the nanofibers ranges from 32 nm to 220 nm with average value of 127 nm.
Experimental method
A schematic diagram of the experimental setup is shown in 2. All droplet impact experiments were performed with FC-72 (3M Fluorinert Electronic Liquid), a dielectric fluid commonly used in electronics cooling applications. The liquid has boiling point T b = 56 • C, density ρ l = 1680 kg m −3 , and surface tension σ = 0.01 N m −1 . We generate droplets by using a syringe pump (PHD 2000 Infusion, Harvard Apparatus) to inject liquid into a small fused silica needle where the droplets are formed at the tip. The flow rate is kept at a small value (≈ 0.1 mL min −1 ) so that droplet detachment from the needle is due only to gravitational force, hence keeping the droplet size uniform. After detaching from the needle, a droplet falls on the target surface placed on a brass plate with a cartridge heater and a thermocouple (Omega Inc.) embedded inside. The surface temperature T was set by a controller and was varied between 60 • C and 450 • C. This temperature was also measured independently by a surface temperature probe (Tempcontrol B.V.). The difference between the controller's set point and the surface probe measurement was less than 3 K. Thus we take the controller's set point as the surface temperature T of the surface.
Recordings of the impact events were made with a high-speed camera (Photron SA1.1) (see 2). From these high-speed recordings, the boiling behaviors were analyzed, and the droplet diameter D, the impact velocity V and the maximum spreading diameter D m (see 2) were measured. From the measured diameter and velocity, we calculated the Weber number We = ρ l DV 2 /σ , which is a dimensionless number that characterizes the droplet's kinetic energy compared to its surface energy. The impact velocity V was varied by changing the needle's height. Impact events were repeated at least three times for every combination of V and T to test reproducibility of the experiment.
Characterization of boiling behavior
By varying the surface temperature between 60 • C and 450 • C and the Weber number between 10 and 1000, we observed two characteristic boiling behaviors: contact boiling and film boiling. In 3 we show two series of images to illustrate the difference between these two regimes. The essential difference between the two is whether or not the liquid makes direct contact with the heated surface during impact. 20, 29, 30 In the contact boiling regime (3(a)), as the pressure of the vapor generated underneath the droplet is not sufficient to support the droplet's dynamic pressure, the liquid touches the heated surface and quickly boils due to the high heat flux through the contact area. The recorded snapshots show the small droplets ejected as a result of the boiling process. In contrast, an impacting droplet in the film boiling regime is separated from the heated surface by a developing vapor layer (see 3(b) ). This vapor layer insulates the droplet during the impact time, hence prevents the liquid from boiling violently.
By carefully analyzing the recorded movies of impacting droplets, we categorized the impact as being in the film boiling regime when droplet ejection or vapor bubble generation were not observed.
Results and discussions

Dynamic Leidenfrost temperature
In 4 we show phase diagrams of the characteristic boiling behavior of impacting droplets on smooth silicon surfaces, CNF(3.5), and CNF(7.5), respectively. The temperature ranges were 60 • C to 250 • C for the smooth silicon surfaces, 60 • C to 300 • C for the CNF(3.5) surfaces, and 100 • C to 450 • C for the CNF(7.5) surfaces. In each phase diagram, there is a clear transition between the contact and the film boiling regimes. This transition temperature is marked by a solid line, with the vertical bars indicating the intermediate region where both boiling behaviors were observed. The transition temperature, known as the dynamic Leidenfrost temperature T L , increases with increasing kinetic energy of impacting droplets. This dependence of T L on We is qualitatively similar to that found previously for droplets impacting on smooth and micro-structured surfaces, 15, 16, 20 and is expected: the increasing momentum of the impact forces the droplet into contact with the surface at larger and larger temperature.
These results, however, are in stark contrast with those found for smooth and microstructured surfaces in two respects, as can be seen from 5 in which T L for the smooth and CNF surfaces is compared. The first unexpected finding is that, while T L is lower for microstructured surfaces as compared with smooth ones, 16 it is actually higher in the case of carbon nanofibers. For example, for We = 100, T L for the smooth surface is 110 • C, whereas for CNF(3.5) and CNF(7.5) it increases to 250 • C and 350 • C, respectively. Secondly, T L increases with nanofiber length, again in contrast with surfaces covered with micrometer-size pillars for which, for given shape and spacing, the microstructure height is inversely correlated with T L . 16 The tentative explanation of that latter finding offered in Ref. 16 is that the surface of the impacting liquid tends to penetrate the space between the pillars. This causes the liquid surface area to increase, the more the higher the pillars. As a consequence, the vapor generation rate also increases and the film boiling regime sets in at a lower temperature.
As explanation of the opposite behavior found with carbon nanofibers we suggest that they are efficiently cooled by the vapor flow before the drop touches the CNF surface. To support this conjecture in the following subsection we will estimate the time scale τ c for the temperature of the nanofibers to cool, and compare it with the time scale τ e the nanofiber is exposed to the vapor flow (which will be found to be somewhat larger), and also with the time scale τ h for the heat flow inside the nanofiber (which will be found to be much larger).
Estimate of the relevant time scales
We start with the estimate for the time scale τ c for the cooling of the nanofibers by the "vapor wind". Since the cross section of the nanofibers is of the order of 100 nm, the time scale τ c can be estimated by assuming their temperature to be uniform, which is the so-called lumped capacitance approximation (see e.g. 31 ). This time scale can then be estimated to be
in which w is the diameter of the nanofiber, ρ n and C n its density and specific heat, and h the heat transfer coefficient. The latter can be expressed in terms of a Nusselt number, Nu = wh/K v , with K v the vapor thermal conductivity, so that
in which ρ v , C v , and κ v are the vapor density, specific heat, and thermal diffusivity, respectively. The (approximate) proportionality of τ c to the square of the fiber size is a particularly noteworthy feature of this expression. In standard correlations (see e.g. 31 ), Nu is given as a function of the fluid Prandtl and Reynolds numbers. No measured value for the former seems to be available for FC-72 vapor, but it is well known that the Prandtl number of gases is close to 1 and we can safely use this estimate here. Estimation of the Reynolds number requires a value for the viscosity of the vapor which, again, does not seem to have been measured. The order of magnitude of the viscosity of many gases and vapors is 10 −5 Pa s, and this is the value we will use. The density of FC-72 vapor at the boiling point 56 • C is about 11.5 kg/m 3 . Taking w ∼ 100 nm and using these values we then find Re ∼ 0.1V v , with V v the vapor velocity in m/s. This quantity has been estimated in 16 (see equation (13) of that paper) where it was found to be of the order of This time scale has to be compared with the characteristic time τ e during which the fiber is exposed to the cooler vapor until the liquid makes contact with it, which can be estimated as
where
is the characteristic thickness of the vapor layer at which the drop starts being deformed due to the increasing pressure on its underside. 32 Here, as above, D is the droplet diameter, V is the impact velocity, and St = ρ l V D/µ v is the Stokes number, where µ v is the viscosity of vapor. Hence we obtain the time during which the nanofibers are exposed to the cooler vapor flow τ e ∼ DSt −2/3 /V . In the use of this estimate we again encounter the problem that µ v is not available but, if we use the same estimate µ v ∼ 10 −5 Pa s as before and take V ≃ 1 m/s, D ≃ 1 mm, we find τ e ≃ 330 ns, which is seen to be long enough to cause a substantial cooling of the fibers.
Of course, as the fibers are cooled by the vapor, heat flows towards their tips from the silicon substrate with a characteristic time
in which ℓ is the fiber length and κ c its thermal diffusivity of the carbon nanofibers. Since, in this experiment, the fibers had not been heat-treated, we can estimate their thermal conductivity on the basis of the results of Ref. 33 as K c = 4.6 W/m K and, therefore, κ c ∼ 2.86 × 10 −6 m 2 /s. For the shorter fibers ℓ ≃ 3.4 µm and, therefore, τ h ∼ 4 µs while, for the longer fibers, ℓ ≃ 7.5 µm and τ h ∼ 20 µs. These times are much longer than both the cool-ing time and the exposure time to the vapor flow, which implies that the liquid encounters fibers at a much cooler temperature than the core silicon substrate. This circumstance would explain why the CNF surfaces require a higher temperature to achieve the film boiling regime compared to the smooth surfaces, and why the transition temperature increases with the fiber length. The size of the cross section of the fibers in our experiment is close to the cross-over value at which cooling and exposure to the vapor flow have comparable time scales. It follows that fibers or, more generally, microstructures with a larger cross section would be insensitive to the cooling effect. As a check of this expectation we can apply the same estimates to the case of the microstructured surfaces studied earlier. 16 In that case the fluid was water for which, of course, all the required physical properties are well known. The microstructures had the form of silicon pillars with a square cross section of about 10×10 µm 2 very different from the previous estimate, and is therefore several orders of magnitude shorter. It is evident that, in this case, the vapor flow is just a small perturbation which does not have an appreciable effect on the pillar temperature.
Spreading factor
We devote this section to quantifying the spreading factor of impacting droplets in the film boiling regime. The spreading factor is defined as D m /D, where D m is the maximum spreading diameter. In fig. 6 , we show a log-log plot of D m /D versus We for all the impact experiments obtained on smooth and CNF surfaces. All the data points were collected for impacts in the film boiling regime and in the course of which the droplets did not disintegrate during the expanding phase. The Weber number ranges from 5 to 600. All data sets collected from the three different surfaces collapse on the same curve, show- ing that the spreading dynamics does not depend on the features and temperature of the surfaces. This result is consistent with the recent study of impacting droplets on micro-structured surfaces, 16 which showed that the spreading factor is independent of the microstructures and depends very weakly on the surface temperature. Moreover, the spreading factor is in agreement with the scaling D m /D ∝ We 3/10 . This scaling law embodies the main assumption that the spreading of the liquid is driven by the vapor flow underneath the droplet. 16 As a result, we conclude that the presence of the carbon nanofibers only changes the transition temperature to film boiling of the impacting droplets, but does not affect the dynamics of the vapor flow in the film boiling regime or the liquid spreading.
Conclusions
We have explored the phase space (We, T ) of impact of FC-72 droplets on heated smooth silicon surfaces and surfaces coated with nanofibers (CNF) of different length. Unexpectedly, we have found that the dynamic Leidenfrost temperature T L , i.e., the transition temperature between the contact and film boiling regimes, is higher on the CNF surfaces than on smooth silicon surface. Increasing the fiber length from 3.5 µm to 7.5 µm causes T L to increase significantly due to the small droplets on three surfaces: smooth silicon, and silicon covered by a 3.5 µm-and a 7.5 µm-thick layer of carbon nanofibers. All the data points were obtained for impacts in the film boiling regime for which the impacting drop did not fragment in smaller droplets. The solid line represents the scaling relation D m /D ∼ We 3/10 derived by taking the vapor flow as the major driving mechanism for the spreading of the liquid. 16 time scale with which the nanofibers cool to the temperature of the vapor generated by the approaching liquid. Thus, the temperature of the fibers when contact with the liquid is established is much lower than their initial temperature. In other words, the temperature of the CNF surfaces has to be set higher than in the case of smooth silicon surfaces to bring the impact into film boiling regime. In contrast, the silicon microstructured surfaces studied in Ref. 16 maintain their temperature during impact and T L is lower, possibly because the liquid surface area which generates the vapor is larger due to the curvature caused by the micro-pillars.
In spite of the effect on T L , we have found that, as long as the impact is in the film boiling regime, the spreading factor of the droplet does not depend on whether the surface is smooth or covered with carbon nanofibers, nor does it depend on the surface temperature. The spreading factor is consistent with the scaling law D m /D ∝ We 3/10 , which was derived based on the effect of vapor flow on the spreading dynamics. 16 The increase in the dynamic Leidenfrost temperature caused by nanofibers fabricated on silicon surfaces has a considerable implication for various applications that require high operating temperature because CNF surfaces can operate at higher T L while still maintaining contact with the liquid.
